The present study was designed to investigate the interaction between neuroendocrine mediators and the immune system in chronic fatigue syndrome (CFS). We examined the sensitivity of the immune system to the glucocorticoid agonist dexamethasone and the ␤2-adrenergic agonist terbutaline in 15 adolescent girls with CFS and 14 age-and sex-matched controls. Dexamethasone inhibits T-cell proliferation in healthy controls and in CFS patients. However, the maximal effect of dexamethasone on T-cell proliferation is significantly reduced in CFS patients as compared with controls. The ␤2-adrenergic receptor agonist terbutaline inhibits tumor necrosis factor-␣ production and enhances interleukin-10 production by monocytes. Our data demonstrate that the capacity of a ␤2-adrenergic agonist to regulate the production of these two cytokines is also reduced in CFS patients. We did not observe differences in baseline or CRH-induced cortisol and ACTH between CFS patients and controls. Baseline noradrenaline was similar in CFS and controls, whereas baseline adrenaline levels were significantly higher in CFS patients.
C HRONIC fatigue syndrome (CFS) is a disease char-
acterized by debilitating fatigue for at least 6 months that has resulted in a substantial reduction in the activity level of the individual and is not attributable to known clinical conditions. For study purposes, the Centers for Disease Control and Prevention (Atlanta, GA) have defined criteria for CFS (1) . In addition to the persistent or relapsing fatigue, at least four other symptoms from a list of eight should be present concurrently with the fatigue. These symptoms include unrefreshing sleep, postexertion malaise, multi-joint pain, new headaches, muscle pain, tender cervical or axillary lymph nodes, sore throat, and impaired memory or concentration (1) .
The etiology of CFS is unknown. Viral infections have been suggested as precipitating events, and a number of studies suggest involvement of viruses in at least part of the patients (2) (3) (4) . In a recent study on children and adolescents with CFS, 60% of the patients indicated an acute disease at onset (5) . However, to date, there is no evidence for a specific virus associated with CFS (6) .
Other studies have focused on immunological dysfunction in CFS patients and suggested changes in cytokine production, natural killer cell activity, and alterations in T-cell reactivity (7) (8) (9) . Although immunological changes have been described, a consistent pattern of immunological abnormalities has not been found.
In adults with CFS, evidence has been presented for changes in the neuroendocrine system. Demitrack et al. (10) showed that the reactivity of the hypothalamo-pituitary-adrenal (HPA) axis is decreased in adult patients with CFS as compared with controls. Unfortunately, treatment with hydrocortisone results in only limited improvement in CFS patients. Cleare et al. (11) presented data showing that oral administration of low doses of hydrocortisone could improve the clinical condition in about 30% of a selected group of patients. In another study it was shown that oral hydrocortisone administration did result in some improvement as measured by a change in Wellness score, which is a global health scale. However, fatigue and activity did not change significantly in this study (11) .
In view of the generalized symptomatology in CFS, the search for a single factor cause does not seem to be the most adequate approach. We hypothesized that the symptomatology in CFS may result from abnormalities in interorgan communication rather than from abnormalities in a single organ system. One aspect of interorgan communication is based on the production and secretion of (neuro)endocrine mediators by a given organ system and the presence and reactivity of specific receptors in the target organ system(s). Thus, not only alterations in the actual level of neuroendocrine mediators, but also changes in the way target organs respond to these mediators, may result in inadequate communication. Inadequate communication could contribute to the pathophysiology in CFS and may explain the mixed results observed in various studies that focus on a single organ system.
It is now well established that the neuroendocrine system and the immune system closely interact. Psychological stress can modulate immune reactivity via complex interactions involving the HPA axis as well as the autonomic nervous system (12) (13) (14) . Cells of the immune system, like cells in other organ systems, express receptors for hormones and neurotransmitters (14, 15) . Triggering of these receptors results in modulation of immune reactivity. As a model system to investigate the integrity of neuroendocrine regulation we chose cells of the immune system that are easily accessible in the peripheral blood and can be studied ex vivo. We determined the sensitivity of the immune system to regulation by the glucocorticoid agonist dexamethasone and the ␤2-adrenergic receptor agonist terbutaline. It has been well established that glucocorticoid receptor agonists will inhibit the proliferative response of T cells (16 -18) . Therefore, we determined the effect of dexamethasone on T-cell proliferation in healthy individuals and in CFS patients. ␤2-adrenergic receptor agonists are known to regulate cytokine production by monocytes (19 -21) . Thus, we examined changes in lipopolysaccharide (LPS)-induced production of the cytokines tumor necrosis factor (TNF)-␣ and interleukin (IL)-10 in the presence of increasing concentrations of terbutaline. We also examined baseline levels of epinephrine and norepinephrine in the same blood samples. In addition, plasma cortisol and ACTH levels before and after infusion of CRF were determined.
Patients and Methods Patients
Fifteen girls with CFS, according to the criteria defined by the Centers for Disease Control and Prevention, with a substantial decrease in activity level and no primary psychological morbidity were asked to enter our study. The CFS patients included in our study were not taking any medication at the time of the study or within 6 weeks before the study. Patients with a psychiatric history were excluded. The body mass index of patients was significantly higher in CFS patients than in controls. Control individuals were recruited from healthy schoolmates of the patients of similar age and the same sex. An iv line was inserted into the underarm between 0830 and 0900 h. After a 60-min rest, a blood sample was drawn for analysis of plasma catecholamines and for determination of receptor sensitivity. The CRH infusion was done between 1300 and 1400 h. The experimental protocol was approved by the medical ethical committee of the Wilhelmina Children Hospital. Written informed consent was obtained from parents and from the children.
Ex vivo response of peripheral blood cells to dexamethasone
Whole blood was diluted 1:10 in medium [RPMI 1640 (Gibco, Grand Island, NY) supplemented with 2 mm glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin]. Diluted blood (100 L) was cultured for 96 h in round bottom 96-well plates (Nunc, Glostrup, Denmark) with 25 L phytohemagglutinin (PHA) (HA 15; Murex Diagnostics, Dartford, UK), final concentration 25 g/mL, and 25 L DEX in the concentrations indicated. At 16 -18 h before the end of the culture, 1 Ci (37 kBq) [ 3 H]-thymidine was added. At the end of the culture period, cells were harvested by the use of an automated cell harvester, and incorporated radioactivity was determined in a liquid scintillation counter.
Ex vivo response of peripheral blood cells to terbutaline
Whole blood was diluted 1:10 in medium, and 100 L diluted blood was cultured with 50 l LPS [Escherichia coli (DIFCO Laboratories, Detroit, MI); final concentration 2 ng/mL] and 50 L medium or the ␤2-adrenergic receptor agonist terbutaline (Sigma Chemical Co., St. Louis, MO). After 18 h of culture at 37 C, supernatants were harvested and stored at Ϫ80 C until analysis. TNF-␣ and IL-10 levels were determined by enzyme-linked immuosorbent assay (Pelikine; CLB, Amsterdam, The Netherlands).
Determination of plasma catecholamines
Two milliliters of blood were collected on ice in 0.25 mol/L EGTA and 0.2 mol/L glutathione. Plasma samples were stored at Ϫ80 C. Catecholamines were determined by high-performance liquid chromatography according to the method described by Willemsen et al. (22) . The detection limits were: adrenaline, 2 pg/mL; and noradrenaline, 2 pg/ml; CV, Ͻ10%.
CRH induced changes in ACTH and cortisol
CRH (100 g) was infused via an iv line between 1300 and 1400 h. Before and at various time points after infusion of CRH, blood was collected in ethylenediaminetetraacetate-coated tubes on ice.
Plasma cortisol was determined using a fluorescence polarization immunoassay (Abbott Laboratories, Abbott Park, IL) (detection limit, 0.64 g.dL; CV, Ͻ5%).
Plasma ACTH was determined by RIA, using antiserum from IgG Corporation USA and 125 I-ACTH from CIS Bioindustries (France) (detection limit, 20 ng/L; CV, Ͻ8%).
Data analysis
Dose-response curves were analyzed by nonlinear regression using GraphPad Software, Inc. Prism 3.0 software. Data are expressed as mean and sem. Two-tailed Student's t tests were used to compare group differences. P Ͻ 0.05 was considered statistically significant.
Results

Subject characteristics
We examined 15 patients diagnosed with CFS and 14 healthy controls. The mean age in the patient group was 15.8 Ϯ 0.4 yr (range, [11] [12] [13] [14] [15] [16] [17] and in the control group 14.5 Ϯ 0.6 yr (range, 10 -17). Mean duration of disease was 21.8 Ϯ 3.9 months (range, 6 -48).
Ex vivo response of peripheral blood cells to dexamethasone
Whole blood cultures were stimulated with the T cell mitogen PHA to induce proliferation and increasing concentrations of the glucocorticoid agonist dexamethasone. In the absence of dexamethasone, proliferative responses in CFS patients were higher than in healthy controls (CFS, 45,170 Ϯ 5,063 cpm, n ϭ 15; controls, 31,700 Ϯ 3,852, n ϭ 14; P ϭ 0.044).
As expected, The addition of dexamethasone to the cultures resulted in a dose-dependent inhibition of the proliferative response (Fig. 1) . Interestingly, however, the effect of dexamethasone is much less pronounced in cultures with cells from CFS patients (Fig. 1) . The maximal effect of dexamethasone was 88.1 Ϯ 3.1% inhibition of T-cell proliferation in healthy controls. In contrast, in CFS patients the maximal effect was 66 Ϯ 4.9% inhibition, which is significantly lower (P ϭ 0.001). The IC 50 was similar in CFS patients and controls (CFS, 31 nm; controls, 47 nm).
Ex vivo response of peripheral blood cells to terbutaline
To examine the sensitivity of the immune system to ␤2-adrenergic regulation, we investigated the effect of the ␤2-adrenergic receptor agonist terbutaline on cytokine production by peripheral blood cells. Whole blood cultures were stimulated with LPA for 18 h to induce mono-cyte cytokine production, and increasing concentrations of terbutaline were added to the cultures.
In the absence of terbutaline, TNF-␣ production did not differ significantly between patients and controls (CFS, 473.9 Ϯ 104.6 pg/mL, n ϭ 15; controls, 799.1 Ϯ 205.1 pg/mL, n ϭ 14; P ϭ 0.17). The data depicted in Fig. 2 clearly demonstrate that the addition of the ␤2-adrenergic agonist results in inhibition of TNF-␣ production. More importantly, our data demonstrate that the inhibitory effect of the ␤2-adrenergic agonist on TNF-␣ production is significantly lower in CFS patients than in controls. In control subjects, the maximal effect of terbutaline on TNF-␣ production was 67 Ϯ 1.3% inhibition. In CFS patients, maximal inhibition of TNF-␣ production was only 37.1 Ϯ 3.3% (P Ͻ 0.0001). There was no difference in IC 50 between CFS and controls (CFS, 3.9 nm; controls, 8.2 nm).
␤2-adrenergic receptor agonists inhibit TNF-␣ production, but enhance IL-10 production. If the decreased inhibition of TNF-␣ production in CFS patients is the result of alterations in ␤2-adrenergic receptor function, then we expect a smaller ␤2-adrenergic agonist-induced increase in IL-10 production in CFS patients, as well. The data in Fig. 2 demonstrate that the ␤2-adrenergic agonist is less capable of increasing IL-10 production in CFS patients than in controls (maximal increase: CFS, 45 Ϯ 6.3; controls, 70 Ϯ 5.8%; P ϭ 0.007). In the absence of terbutaline, there was no difference in IL-10 production (CFS, 64.1 Ϯ 11.4 pg/mL, n ϭ 14; controls, 44.3 Ϯ 8.7 pg/mL, n ϭ 13; P ϭ 0.18).
Plasma adrenaline and noradrenaline
Plasma noradrenaline levels in CFS patients did not differ from levels in healthy subjects (CFS, 1.47 Ϯ 0.1 nmol/L, n ϭ 14; control, 1.46 Ϯ 0.2 nmol/L, n ϭ 14; P ϭ 0.98). There was a statistically significant increase in plasma adrenaline levels in CFS patients as compared with controls (CFS, 0.14 Ϯ 0.03 nmol/L, n ϭ 14; control, 0.07 Ϯ 0.01 nmol/L, n ϭ 14; P ϭ 0.04).
Reactivity of the pituitary-adrenal axis
At baseline, plasma ACTH and cortisol levels were similar in patients and controls. Plasma cortisol levels were similar in patients and controls (cortisol: CFS, 0.28 Ϯ 0.03 mol/L, n ϭ 15; control, 0.29 Ϯ 0.03 mol/L, n ϭ 14; P ϭ 0.85. ACTH: CFS, 42.7 Ϯ 4.8 ng/L, n ϭ 15; control, 35.4 Ϯ 3 ng/L, n ϭ 14; P ϭ 0.21). The data in Fig. 3 show that the CRH-induced increase in plasma ACTH and plasma cortisol is also similar in CFS patients and controls.
Discussion
The pathophysiology of CFS is poorly understood. Research over the past 10 yr indicates that the syndrome cannot be explained by defects in one single organ system. The present study did not aim at defining alterations in one or the other system, but was designed to investigate the integrity of interorgan communication in CFS patients.
As a model system for interorgan communication, we chose the interaction between neuroendocrine factors and the immune system. The reactivity of the immune system can be tested ex vivo, and modulatory effects of glucocorticoids, as well as of ␤2-adrenergic receptor agonists, have been clearly defined. Our results demonstrate that in adolescents with CFS, communication between neuroendocrine system and immune system is altered. In ex vivo studies, using peripheral blood of CFS patients, we demonstrated that the sensitivity of the immune system to regulation by neuroendocrine factors is decreased. T-cell proliferation is less sensitive to the inhibitory effects of dexamethasone, and monocyte cytokine production is relatively resistant to the modulatory effects of a ␤2-adrenergic receptor agonist.
Interestingly, the decreased sensitivity to GC and to a ␤2-adrenergic receptor agonist becomes apparent as a decreased maximal effect rather than as a change in the EC 50 . These results suggest that either the number of functional receptors is reduced or that the transduction of the signal from the receptor to the intracellular effector system is diminished in CFS. A reduced number of functional receptors is often associated with high plasma levels of the hormone. In that case, the receptor is already occupied by hormone in vivo, and a lower number of receptors is available for exogenous ligand added ex vivo. However, in our study group, we have no evidence for disturbances in plasma cortisol that could explain the relative resistance to dexamethasone of T cells from CFS patients on this level. Baseline cortisol and CRH-induced increases in cortisol were similar in CFS patients and healthy subjects. Moreover, plasma ACTH levels before and after CRH infusion are similar in CFS and controls. Therefore, we conclude that there are no major abnormalities in the reactivity of the HPA-axis in adolescents with CFS. In line with our data, baseline cortisol and ACTH in adults with CFS were not significantly different from controls in a number of studies (23) . Demitrack et al. (10) also reported normal baseline cortisol levels, however, decreased 24-h excretion of cortisol in urine and a blunted response to infusion with CRH in a group of adults with CFS. It is possible that we do not observe changes in HPA-axis reactivity in our group of CFS patients because we are studying a much younger population. In our group of adolescents with CFS, mean age was 15.8 yr, whereas Demitrack et al. (10) studied adults with a mean age of 36.9 yr. Moreover, mean duration of disease in the adult study was 7.2 yr, whereas in our patient group mean duration of disease was less than 2 yr (10).
Our present data showing that cells of CFS patients are relatively resistant to a glucocorticoid receptor agonist may be of interest in view of the limited effect of hydrocortisone treatment in patients with CFS who do have a reduced activity of the HPA-axis (11, 24) . If the resistance to GC agonist in CFS is a more generalized phenomenon, then normalization of plasma GC levels may not be sufficient to restore communication.
Alterations in neuroendocrine-immune communication are not specific for CFS. In a previous study, we demonstrated that the maximal effect of a ␤2-adrenergic agonist on TNF-␣ production is increased in patients with rheumatoid arthritis (25) . Interestingly, peripheral blood cells of rheumatoid arthritis patients are more sensitive to the ␤2-adrenergic receptor agonist, whereas in CFS we observe decreased reactivity. In addition, in both diseases we did not observe alterations in EC 50 , but only changes on the level of the maximal effect of the agonist (25) . The increased sensitivity of peripheral blood cells of rheumatoid arthritis patients to ␤2-adrenergic modulation seemed to be associated with decreased expression of GRK-2, an intracellular kinase that plays a major role in receptor desensitization (25) . Thus, altered sensitivity to a ␤2-adrenergic agonist can be due to a change in the coupling efficiency of the receptor, a process in which GRK-2 plays a crucial role (26) . In animal models it has been shown that chronic infusion of a ␤2-adrenergic agonist will result in increased levels of GRK-2 and concomitantly in relative resistance to regulation by ␤2-adrenergic agonists (27, 28) . It is conceivable that in CFS the decreased reactivity of the immune system to a ␤2-adrenergic agonist is associated with increased levels of this kinase since plasma adrenaline levels are increased in CFS patients.
The question remains how the altered sensitivity of the immune system for neuroendocrine regulation developed. Was it a preexisting condition or is it the result of the disease? It may well be possible that the altered neuroendocrineimmune communication is associated with a high level of psychological stress. We know that the psychological stress of bereavement results in a significant decrease in the sensitivity of the immune system to dexamethasone (manuscript in preparation). A high level of psychological distress has not only been reported in adults, but also in adolescents with CFS (29 -31) . Interestingly, a large study on postinfection fatigue shows that there is an association between psychological distress and fatigue prior to viral infection and the likelihood to develop chronic fatigue later on (32) . We hypothesize that the abnormalities in neuroendocrine-immune communication in chronic fatigue syndrome result from the level of preexisting psychological distress and a precipitating event (e.g. a viral infection).
In summary, the present study demonstrates that the interaction between neuroendocrine mediators and a target system, the immune system, is disturbed in CFS. Additional studies should be performed to get insight in the role of these abnormalities in the pathophsyiology of CFS.
